Vascular endothelial growth factor (VEGF) promotes angiogenesis by a variety of mechanisms including stimulation of endothelial cell proliferation and migration and increasing vascular permeability. Although its mitogenic activity is mediated primarily by the ␤ 2 -isoforms of protein kinase C (PKC), little is known about the signaling pathways transducing its other physiological properties. Accordingly, we used a novel inhibitor molecule to examine the role of PKC isoforms ␣ and ␤ in mediating VEGF-induced angiogenesis and vascular permeability. Because conventional inhibitors of PKC, such as staurosporine or calphostin C, also inhibit a variety of other protein kinases, we used a novel compound to specifically inhibit PKC. A myristoylated peptide, which mimics the pseudosubstrate motif of PKC-␣ and -␤ subtypes, has been shown to be a highly selective and cell-permeable inhibitor of PKC. Blocking led, as expected, to abrogation of VEGF-induced endothelial cell proliferation in vitro. In vivo, VEGF-induced angiogenesis was impaired by myristoylated peptide. Surprisingly, selective inhibition of PKC induced vascular permeability in vivo via a NO-dependent mechanism. Moreover, PKC inhibition led to a 6.4-fold induction of NO synthase (NOS) activity in endothelial cells. Our findings demonstrate that activation of PKC is a major signaling pathway required for VEGF-induced proliferation and angiogenesis, whereas vascular permeability was enhanced by blocking PKC. Inhibition of calcium-dependent PKC by itself led to induction of NOS. Although NOS is a downstream target for VEGF-induced angiogenesis, its induction by PKC inhibition was not sufficient to promote neovascularization. These results reveal that angiogenesis and vascular permeability induced by VEGF are mediated by mechanisms which ultimately diverge. (Arterioscler Thromb Vasc Biol. 2002;22:901-906.) Key Words: vascular endothelial growth factor Ⅲ programmed cell death Ⅲ angiogenesis Ⅲ protein kinase C inhibitor Ⅲ vascular permeability Ⅲ nitric oxide
V ascular endothelial growth factor/vascular permeability factor (VEGF) is an endothelial cell mitogen which also promotes angiogenesis. 1 VEGF can also serve as a survival factor for endothelial cells by inhibiting programmed cell death induced by tumor necrosis factor-␣, 2 loss of adhesion, or irradiation. 3 Endothelial cells contain at least two highaffinity receptors for VEGF, Flk-1/KDR and Flt-1, 4,5 both of which belong to the family of receptor-tyrosine kinases. Autophosphorylation of these receptors leads to association with phosphatidylinositol 3-kinase and phospholipase C ␥. 6 -8 Subsequent production of diacylglycerol and inositol triphosphate together with mobilization of calcium causes translocation of protein kinase C (PKC) to the cytoplasmic membrane and thereby activation. PKC represents a family of homologous subtypic kinases, which all contain an autoinhibitory domain with substrate-like properties, 9 the so called pseudosubstrate domain. This domain keeps the enzyme inactive, apparently by interacting with the substrate binding site in the catalytic domain. Although vascular endothelial cells contain various amounts of PKC isoforms ␣, ␤1, ␤2, ␦, ⑀, and but not ␥, only the calcium-dependent ␣and ␤ 2 -isoforms are consistently translocated to the plasma membrane on activation by VEGF. 8 Although activation of the PKC-␤ 2 isoform appears predominantly responsible for the mitogenic effect of VEGF, adenoviral overexpression of PKC-␣ can enhance endothelial cell migration 10 as can a decrease in PKC-␦ activity. 11 Several studies have addressed the role of PKC on endothelial function, vascular permeability, and angiogenesis. 10 -15 However, due to the fact that a) phorbolesters such as phorbol 12-myristate 13-acetate strongly induce expression of VEGF themselves, 16, 17 b) PKC inhibitors such as staurosporine, H-7, and calphostin C are not specific for PKC, 18 c) staurosporine induces cell death at inhibitory concentrations, 19 and d) prolonged stimulation with phorbolesters results in downregulation of PKC activity, 20, 21 it has been somewhat difficult to draw definitive conclusions about PKC-dependent effects of VEGF.
To investigate the role of PKC in the signaling of VEGFmediated effects, we used a novel compound to specifically inhibit PKC. A myristoylated peptide (myr-PKC) has been shown to be a highly selective and cell-permeable inhibitor of PKC. 22, 23 Myr-PKC contains a sequence of 13 amino acids identical to the pseudosubstrate domain and competes with other substrates for the catalytic subunit, whereas alanine residues protect it from phosphorylation. Myristoylation facilitates hazardless passage through the plasma membrane thereby making it a potent inhibitor.
To separate different signaling pathways, we compared the influence of PKC on the transduction of the principal biological activities of VEGF: proliferation, angiogenesis, NO production, and vascular permeability. We show that PKC mediates an essential signaling pathway required for VEGFinduced proliferation and angiogenesis. We also demonstrate that this stands in sharp contrast to the action of VEGF as a vascular permeability factor. VEGF-induced vascular permeability was, surprisingly, enhanced rather than abrogated by inhibiting PKC. In addition, inhibition of the calciumdependent PKC by itself is shown to activate NO synthase (NOS). Although NOS is a downstream target for VEGFinduced angiogenesis, its induction by PKC inhibition alone was not sufficient to promote neovascularization. These data suggest that VEGF-mediated angiogenesis and vascular permeability are not necessarily mediated by parallel pathways. Although PKC activation is a key component of VEGFinduced proliferation and angiogenesis, inhibition of these isoforms results in NOS activation and vascular permeability.
Methods

Endothelial Cell Culture and Reagents
Human umbilical vein endothelial cells (HUVECs) and bovine aortic endothelial cells were obtained and cultured as previously described. 24 Human tumor necrosis factor-␣ was purchased from R&D Systems and, if not otherwise stated, used at a concentration of 40 ng/mL. NADPH was purchased from (Sigma). The myristoylated PKC peptide inhibitor (myr-Arg-Phe-Ala-Arg-Lys-Gly-Ala-Leu-Arg-Gln-Lys-Asn-Val) and cAMP-dependent protein kinase (PKA) inhibitor (Thr-Thr-Tyr-Als-Asp-Phe-Ile-Ala-Ser-Gly-Arg-Thr-Gly-Arg-Arg-Asn-Ala-Ile-His-Asp-NH2) were purchased from Promega; SNAP and L-NAME were from Sigma.
Protein Kinase Assay
PKC and PKA activity were measured in HUVECs and in rat brain extract (as a positive control for PKA) by using a commercially available assay system (Promega) according to the manufacturer's directions.
DNA Synthesis
To measure DNA synthesis, 15 000 endothelial cells per 35-mm dish were starved for 48 hours in MEM with 0.5% fetal calf serum (FCS). Growth-media (10% FCS in DMEM) and 3 [H]thymidine (3 Ci/mL) were added for selected times up to 44 hours. Adherent cultures were fixed with 1 mL of 10% TCA, lysed in 0.25 N NaOH, and then harvested. 3 [H]thymidine incorporation was determined by liquid scintillation counting. Each sample was done in triplicate, and data are presented as meanϮSEM.
Preparation of VEGF/myr-PKC/ Sucralfate-Pellets
Pellets made of the slow-release polymer Hydron (polyHEMA) were prepared as previously described 25 and contained a combination of sucralfate and VEGF and/or myr-PKC. Ten milligrams of sucralfate was mixed with a suspension of sterile saline containing a) 1 mg of myr-PKC, b) 40 g of VEGF, or c) 1 mg of myr-PKC and 40 g of VEGF combined.
Mouse Corneal Angiogenesis Assay
The mouse micropocket corneal angiogenesis assay was carried out as described previously. 25 The pellets were positioned 0.8 mm from the corneal limbus. The corneas with implanted pellets were examined by a slit lamp biomicroscope on day 6 after pellet implantation. Vessel length and vessel circumference, measured as clock hours of neovascularization, were measured. An angiogenic score was calculated by multiplying vessel length by the circumference.
MTS Viability Assay
CellTiter 96 AQ ueous nonradioactive cell viability assay (Promega) was used to assess cell viability and proliferation as previously described. 24
Measurement of NOS Activity
NOS activity was measured based on its biochemical conversion of the radioactive substrate [ 3 H]L-arginine to L-citrulline. 26 Cells were washed three times in cold phosphate-buffered saline (PBS), and then lysed at 4°C in 25 mmol/L Tris-HCl (pH 7.4), 1 mmol/L EDTA, and 1 mmol/L EGTA. After centrifugation at high speed, supernatant was collected and protein content of all samples was determined with the Bio-Rad protein assay with ␥ globulin as a standard. Each reaction mixture contained 40 g of sample protein, 1 mmol/L NADPH, 0.1 Ci of [ 3 H]arginine, 25 mmol/L Tris-HCl (pH 7.4), 3 mol/L tetrahydrobiopterin, 1 mol/L flavin adenine dinucleotide, 2 mol/L flavin adenine mononucleotide, and 0.6 mmol/L CaCl 2 and was incubated for 60 minutes at 37°C. The reaction was stopped by adding 50 mmol/L HEPES (pH 5.5) and 5 mmol/L EDTA. Equilibrated resin (Stratagene), which binds to the arginine, is added to the sample reactions and then centrifuged for 30 seconds at high speed in spin cups (Stratagene). The citrulline, being ionically neutral at pH 5.5, flows through the cups completely and is then quantitated by scintillation counting.
Miles Assay
This assay was originally described by Miles and Miles in 1952 27 and performed as previously described. 28 In brief, male hairless albino guinea pigs (200 to 400 g) (Charles River Laboratories), which are euthymic and immunocompetent, were lightly anesthetized with ether (Fisher Scientific), and 0.5 mL of a 0.5% (in saline) Evans blue dye solution (Sigma) was injected into the left femoral vein after filtering (0.2-m micro-pore filter, Corning). Twenty minutes later, indicated reagents were applied by intradermal injection with a 30-gauge needle (Becton Dickinson), causing a bleb of 9 to 11 mm in diameter. Increase in vascular permeability was assessed by the leakage of blue dye into the bleb. As originally described, a small area of traumatic blueing 1 to 3 mm in diameter may be seen at the center of the bleb after intradermal injection of saline. The site of intradermal injection was photographed 10 minutes after injection in all animals.
Data Analysis
Data are presented as meanϮSEM. ANOVA was used to evaluate statistical significance of differences between experimental groups (with 3 or more groups) with the Newman-Keuls method applied to analyze differences between individual means. The Student t test was used to evaluate the differences between 2 experimental groups. Statistical significance was assigned when PϽ0.05.
Results
Myr-PKC Is a Specific Inhibitor of PKC Activity
Previous work by Eicholtz et al 22 and Ward and O'Brian 23 has documented the specific inhibition of PKC activity by myr-PKC in cell free extracts and intact cells. Nevertheless, we verified the ability of this pseudosubstrate to specifically and potently inhibit PKC activity in both cell extracts and intact endothelial cells. As shown in Figures 1 and 2 , the pseudosubstrate exerts potent and specific inhibition of both baseline and inducible PKC activity while having no effect on PKA activity which is inhibited by a specific PKA inhibitor.
Inhibition of PKC Abrogates VEGF-Induced Proliferation
Because VEGF mediates its proliferative activity mainly through the ␤ 2 -isoform of PKC, we anticipated that treatment with myr-PKC would inhibit VEGF-induced DNA synthesis. Incorporation of 3 H-thymidine under treatment with VEGF was determined in both bovine aortic endothelial cells and HUVECs. Treatment with 100 ng/mL VEGF resulted in a 2-fold increase in DNA synthesis (Figure 3 ), whereas simultaneous treatment with myr-PKC (12 mol/L) in bovine aortic endothelial cells resulted in a 58% inhibition of VEGF-induced DNA synthesis. The response in HUVECs was even more prominent, resulting in an 80% inhibition under the same dosage (data not shown).
Inhibition of PKC Activates NOS
The rate of radiolabeled L-arginine converted into L-citrulline by NOS was used as a measurement of NOS activity and therefore NO synthesis. Inhibition of PKC in HUVECs with myr-PKC led to a 6.4-fold induction of NOS activity after 120 minutes (Figure 4 ) This induction of NOS activity was abolished by the addition of L-NAME, a NO inhibitor. Western blot analysis showed no changes in inducible NOS or endothelial NOS (eNOS) protein levels at these early time points.
Inhibition of PKC Induces Vascular Permeability In Vivo Through a NO-Dependent Mechanism
To determine whether VEGF could mediate vascular permeability through PKC, we tested the effect of VEGF alone and in combination with myr-PKC in the Miles assay. VEGF induced vascular permeability in a dose dependent manner, as we previously showed 28 (Figures 5 and 6 ). When added together, PMA attenuated the increase in permeability induced by VEGF alone. These results suggested a negative role of PKC in mediating vascular permeability in the Miles assay. Consistent with this hypothesis myr-PKC induced a potent dose-dependent increase in vascular permeability (Figure 5 and 6 ). Addition of VEGF slightly increased this response at lower doses ( Figure 5 ). Pretreatment with L-NAME (20 mg/kg body weight, intravenously) completely abolished permeability induced by myr-PKC, while VEGFmediated permeability was partially attenuated.( Figure 6 ) This latter finding is consistent with a NO-dependent mechanism of myr-PKC-induced permeability and with our previous report demonstrating an alternative prostacyclindependent pathway for part of the permeability effect of VEGF. 28 Myr-PKC does not inhibit PKA activity, which is inhibited by a specific PKA inhibitor. To verify the specificity of myr-PKC for inhibition of PKC activity, we also measured PKA activity in rat brain, which has high intrinsic PKA activity. As shown, myr-PKC did not have a significant effect on PKA activity whereas a specific PKA inhibitor (PKI) markedly reduced PKA activity. PKI had no effect on PKC activity (not shown). Values shown represent meanϮSEM of three independent experiments. 
Inhibition of PKC Abrogates VEGF-Induced Angiogenesis
To document the effect of PKC inhibition on VEGF-induced angiogenesis in vivo, we performed a mouse corneal angiogenesis assay. Implantation of a pellet containing solely myr-PKC did not induce neovascularization (Figure 7) . VEGF exerted a marked angiogenic effect, as expected. When VEGF and myr-PKC were applied together, a significant reduction in vessel growth (0.265Ϯ0.048 vs 0.456Ϯ0.041 mm, PϽ0.01) appeared, as well as a reduction in the circumference of neovessel growth (51Ϯ6.9°vs 77.5Ϯ8.4°, PϽ0.05). The calculated angiogenic score showed a 2.2-fold reduction (15.5Ϯ4.4 vs 34.5Ϯ3.4, PϽ0.01). Thus our results indicated, as expected, that inhibition of PKC blocked both VEGF-induced endothelial cell proliferation as well as VEGF-induced angiogenesis.
Discussion
Relationship Between PKC and Angiogenesis
Angiogenesis depends primarily on endothelial cells, which leave their normally quiescent state within an existing vessel and begin to migrate toward an angiogenic stimulus. This requires at first the release from their inhibition in the vessel wall, occurring by either mechanical disruption or dissolution of the basement membrane. Supported by proliferation, proximal addition of new endothelial cells preserves continuity in the newly organized 3D vessel. 29 VEGF-and basic fibroblast growth factor (bFGF)-induced proliferation of endothelial cells requires activation of PKC, 8, 20 suggesting a crucial role for PKC in the process of angiogenesis. While Montesano and Orci 12 demonstrated that tumor-promoting phorbol esters, by themselves, may induce angiogenesis in vitro, the exact role of PKC in VEGF-induced angiogenesis had never been completely defined.
We demonstrate in vivo for the first time that blocking of PKC results in the inhibition of VEGF-induced angiogenesis. To overcome the lack of specificity or potential toxicity of various PKC inhibitors used previously, we chose a novel peptide compound, directed against the catalytic subunit of PKC. Because of N-myristoylation, myr-PKC is cellpermeable and lacks drawbacks of other widely used PKC inhibitors, such as staurosporine and H7, that also inhibit other kinases or interfere with ATP binding. 22, 23 
Regulation of VEGF-Induced Proliferation of Endothelial Cells
A specific characteristic for endothelial cells is the dependence on growth factors for proliferation and survival. Our thymidine incorporation data reveal decreased VEGF induced endothelial cell DNA synthesis when PKC is inhibited by myr-PKC. 
Diverging Mechanisms of Induced Angiogenesis and Vascular Permeability Mediated by PKC
We show that the effect of VEGF on vascular permeability is in part mediated by NO and, as previously published, also by other factors, such as induction of prostacyclin synthesis. 28 Inhibition of PKC in our study clearly enhanced permeability in the Miles assay. Inhibition of PKC by itself caused a NO-mediated increase in vascular permeability as well, paralleled by an induction in NOS activity in vitro. NOS induction was independent of changes in protein level and most likely caused by a change in NOS phosphorylation. Bredt et al 30 have demonstrated that NOS is stoichiometrically phosphorylated by PKC, resulting in a 77% reduction of NOS activity.
Our observation that NOS activity is elevated under myr-PKC treatment is concurrent with the work by Fleming et al. 31 They have identified the dephosphorylation of Thr 495 as the determining factor in the association of calmodulin with eNOS and its subsequent activation. 31 Because PKC is the constitutively active kinase which maintains the phosphorylation of Thr, 495 we stipulate that addition of myr-PKC suppresses PKC activity and thus allows Thr 495 to undergo dephosphorylation, stimulating eNOS activity and accounting for the 6.4-fold increase in NOS.
Other investigators have found an increase in vascular permeability by PKC activation; 13, 14 however, the choice of the underlying animal or in vitro model might very well affect the outcome. Moreover, in these previous studies, the use of PMA to stimulate PKC might also induce permeability simply by induction of VEGF synthesis. 28 While Ramirez et al 13 find that PKC modulates microvascular permeability through NOS, they fail to explain that activation of PKC in vitro leads to NOS phosphorylation and subsequent inhibition of NOS activity. 30 -32 There is indeed more evidence in the literature pointing to an inhibition of NOS by PKC, through either transcriptional regulation 21 or phosphorylation. 30, 33 Inhibitors of PKC have also been shown to prevent impairment of NO-dependent endothelial relaxation induced by oxidatively modified LDL, emphasizing their protective role on endothelial cells.
We previously showed that VEGF can induce NO production. 28, 34 Because endogenous and exogenous NO can increase vascular permeability 35 and NO is a downstream target of VEGF-but not bFGF-induced angiogenesis, 36 it is not surprising that VEGF is unique among angiogenic factors for its strong effect on vascular permeability. 28, 37, 38 Although other angiogenic factors such as bFGF or transforming growth factor ␤ differ from VEGF in terms of NO production and regulation of cellular adhesion molecules, 39 it becomes obvious that the degree/extent of vascular permeability must not always correlate with the magnitude of angiogenesis. Studies of human tumor xenografts have documented very well the discordance between local blood flow and PO 2 pressure, 40 suggesting the heterogeneity of parameters influencing tumor angiogenesis. The present studies emphasize this point and suggest that VEGF may influence angiogenesis and vascular permeability discretely and independently. Figure 6 . NO dependence of VEGF and myr-PKC induced permeability. Injection sites from two different guinea pigs are compared; one animal was pretreated with 20 mg L-NAME/kg body weight (upper panel) whereas the second animal did not receive any pretreatment. VEGF, PMA, and myr-PKC peptide were combined as indicated and injected intradermally. alone, VEGF (160 ng, nϭ8) alone, or both agents in combination (nϭ10). The oval shaped implanted pellet has a white color, opposite to the newly growing vessels. The lower panel quantifies the attenuating effect of PKC inhibition on VEGF-induced neovascularization, by using vessel length, the circumference, and a calculated angiogenic score.
